This study confirms that, from the viewpoint of energy absorption ability, the necessary thickness of mouthguards is about 4 mm in conventional EVA material. But which is generally too thick from the viewpoint of player comfort. This finding indicates the necessity of improving impact absorption ability of mouthguards.
Introduction
The most important function of a mouthguard is to absorb and spread the impact energy during sporting activities to reduce orofacial damage such as injuries to soft tissues and the temporomandibular joint, tooth fracture, tooth displacement, bone fracture, and concussion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These injuries occur in not only high-risk contact or collision sports such as rugby, ice hockey, and American football, but also in noncontact sports such as soccer, basketball, and baseball. [17] [18] [19] [20] [21] [22] [23] Therefore, sports dentists believe that athletes should wear a mouthguard. Indeed, the use of mouthguards appears to be gradually spreading. However, sports injuries such as those mentioned above are still common. The quality of the mouthguard, especially the thickness of the labial and occlusal surfaces, appears to be closely related to these issues. The impact absorption ability of a mouthguard is believed to be proportional to its thickness. Therefore, it is necessary to make the mouthguard sufficiently thick to prevent an injury, taking into consideration the impact absorption ability of the material used, the type and level of sports, age of player, wearer comfort and acceptance, free space, and economic issues. To date, the minimum thickness required has been assumed to be around 2 mm to 4 mm. [24] [25] [26] However, this figure is based mostly on experience and is yet to be standardized. It is important to note that the relationship between thickness and impact absorption ability remains to be clarified. 12 Mouthguard materials have been tested for impact energy absorption by using drop-ball and/or pendulum devices, with many studies reporting on the efficacy of the mouthguard. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, even though such studies have investigated different impact energy absorption abilities (Tables 1  and 2) , guidelines remain to be determined. One study reported that the minimum thickness required for an ethylene vinyl acetate (EVA) mouthguard with a Shore A hardness of 80 was around 4 mm and that although an increased thickness of over 4 mm marginally improved performance, comfort and acceptance were compromised. 12 However, the study did not take into account the fact that the impact absorption ability is also significantly influenced by the hardness of the impact object 15, 278 [Author: Please clarify] and the type of sensor. 16 In addition, the volume of data for cases where no mouthguard was used and on the thinnest possible mouthguard (1 mm thickness) was too large to allow proper evaluation. 12 Such problems with data processing necessitate further studies. The pendulum-type testing equipment used in the present study was also used in a series of earlier studies. 15, 16, 28, 29 The purpose of this study was to determine the minimum mouthguard thickness required for obtaining sufficient energy absorption by using three types of sensors 16 (strain gauge, accelerator, and load cell) and two different impact objects 15 (a steel ball and baseball).
Methods
A pendulum device with an interchangeable impact object, 15, 16, 28, 29 similar to that of a Charpy or Izod impact machine, was fabricated. Two types of mobile impact object were selected for testing: a steel ball weighing 172.5 g and a baseball weighing 147.3 g, the latter with a durometer hardness of 82.5. The axis length of the pendulum was approximately 50 cm, and the apparatus was adjusted to centrally impact the surface of a two-layer acrylic resin plate attached to a load cell (LUR-A-KNSAI: Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan). A strain gauge (KFG-1-120-D171-11N30C2: Kyowa, Tokyo, Japan) was fixed to the intermediate layer of the resin plate, just below the point of impact. An accelerometer (AS-A YG-2768 100G, Kyowa, Tokyo, Japan) was also fitted to the rear of the resin plate. The responses to impact forces, with or without protection with an EVA mouthguard, were measured with the three different sensors. An electromagnet was used to control the release of the impact ram to concentrate the force over a small area and maintain the distance (50 cm) to the target accurately (Fig. 1) .
The mechanical parameters, load, strain, and acceleration, were measured by using the load cell, strain gauge, and accelerometer, respectively. The resulting values were then amplified by a strain amplifier (KYOWA DPM-712B), converted into an electric output voltage, and then stored in the oscillographic recorder (Kyowa RDM-200A). The data were analyzed with a personal computer (PC-SJ145V: Sharp Co., Ltd., Tokyo, Japan). The data were processed with the Tooth Piece ® software (Amisystem Co., Ltd., Tokyo, Japan). Figure 2 shows the measured height of the first wave of an impact response as the maximum force. The mean and standard deviations were calculated for every variable evaluated. Statistical comparisons were made by employing a one-way analysis of variance (ANOVA), and this was followed by the Tukey multiple comparison test for further comparisons between the sensors and the impact objects (p < 0.05); the SPSS ® software (SPSS Japan Inc., Tokyo, Japan) was used for these operations.
The mouthguard blanks used were Drufosoft (Dreve-Dentamid GMBH, Unna, Germany) with a 2-or 3-mm thickness. The test samples were prepared by means of a Dreve Drufomat (Type SO, Dreve-Dentamid, Unna, Germany) air pressure machine on a flat-topped round acrylic plate 50 mm in diameter and 30 mm in height, which acted as a mould (the same size as the resin plates attached to the load cell). To obtain the precise thicknesses required, the same operating steps (including a constant heating time of 150 seconds) were followed. Finally, the thickness was adjusted by planing. The thicknesses of the tested samples were 1, 2, 3, 4, 5, and 6 mm (hereafter referred to as 1 mmMG, 2 mmMG, 3 mmMG, 4 mmMG, 5 mmMG, and 6 mmMG). Three samples were prepared for each thickness. The impact test was performed three times for each variable. All the tests were conducted in an air-conditioned room at 25°C.
Results

Comparison of waveforms with and without mouthguard
The waveforms obtained for 3 mmMG and NO MG (without mouthguard as control) with the steel ball are shown as representative examples in Figure  3 .
With a mouthguard, the waveforms became smooth, regardless of the sensor or impact object. However, absorbency with the steel ball was clearer than that with the baseball.
Impact forces for three different sensors with or without mouthguard (1-6 mm)
The impact forces and absorption abilities (%) registered by the three different sensors with and without a mouthguard are shown in Figures 4-9 .
The results for the ANOVA and Tukey multiple comparison test are shown in Tables 3-8 .
With the steel ball, the mouthguard decreased the impact force, regardless of its thickness or the type of sensor. This effect appeared to be enhanced as the thickness increased: 2 mmMG showed an energy-absorbing ability of 50% or more in all the sensors and 3 mmMG showed an approximately 70% absorbency in load and strain and an approximately 85% absorbency in acceleration. However, a further increase in the mouthguard thickness from 4 mm to 5 mm and 6 mm showed a smaller improvement in the energy absorption (load: from 73% to 75%; acceleration: from approximately 88% to 90%), except for the strain. Statistical analysis (ANOVA) revealed significant differences between NO MG and the six different mouthguards (p < 0.01; Tables 3-5 ). Significant differences were found for all the combinations, except for combinations between 4 mmMG and 5 mmMG (load) and between 4 mmMG, 5 mmMG, and 6 mmMG (acceleration) (Tukey test; Tables 3-5) .
With the baseball also, all the mouthguards decreased the impact force, regardless of their thickness or the type of sensor. However, the decrease was small and unclear compared with that for the steel ball. Two mmMG showed an approximately 4% absorbency in load and strain and an approximately 22% absorbency in acceleration; 3 mmMG showed approximately 11% absorbency in load, approximately 23% absorbency in acceleration, and approximately 5% absorbency in strain. A further increase in the mouthguard material thick- (acceleration). Acceleration of steel ball showed almost the same tendency as its load result.
(G) Fig. 4 Impact forces and absorption abilities for steel ball (load). Mouthguard decreased the impact force, regardless of thickness. This effect appeared to be enhanced as the thickness increased. However, further increase in mouthguard thickness from 4 mm to 5 mm and 6 mm showed smaller improvement in energy absorption.
(kgf) ( )=Shock absorption% ness from 4 mm to 5 mm and 6 mm showed a smaller improvement in the energy absorption (load: from approximately 12% to 14%; acceleration: from approximately 23% to 26%), except for the strain. Statistical analysis (ANOVA) revealed significant differences between NO MG and the six different mouthguards (p < 0.01; Tables 6-8 ).
Significant differences were found between NO MG and many mouthguard thicknesses, except for 1 mmMG (load) and 1 and 2 mmMG (strain). Significant differences were also found among 4 mmMG, 5 mmMG, and 6 mmMG with regard to the strain, whereas no significant differences were found among 4 mmMG, 5 mmMG, and 6 mmMG with regard to the load and acceleration (Tukey test; Tables 6-8 ).
Discussion
The results showed that all the thicknesses reduced shocks according to the type of sensor and for both types of impact objects, with little difference between sensors and clearer results for the steel ball. An improvement in the energy absorption was initially observed with an increase in the thickness. However, a further increase in the thickness from 4 mm to 5 mm and 6 mm tended to yield a smaller improvement in the energy absorption, except for strain measurements. This indicates that from the viewpoint of the energy absorption ability only, the necessary thickness is 4 mm.
These results support those of previous studies. 3, 5, [10] [11] [12] The result for 2 mm, in particular, was the same as that obtained by Yamamoto et al, 3 although the value was larger than that obtained by Fig. 7 Impact forces and absorption abilities for baseball (load). All the mouthguards decreased the impact force, regardless of the thickness. However, the effect for the baseball was smaller and unclear as compared with that for the steel ball. Further increase in mouthguard material thickness from 4 mm to 5 mm and 6 mm showed smaller improvement in energy absorption.
(kgf) Fig. 9 Impact forces and absorption abilities for baseball (strain). Strain of baseball showed almost the same tendency as load and acceleration until 3 mm thickness..
(me)
Maeda et al. 5 Such differences may have originated from differences in the magnitude of the impact force used and the experimental method. The lack of major changes for the thickness of 4 mm or more was in accordance with the report of Westerman et al. 12 Clearer results were observed with the steel ball. This was easily explained by the results of an earlier report showing that when both the object and target are hard, making deformation difficult, a mouthguard or damping material is very effective. 30 One report indicated that although low-stiffness (9 MPa) guards (the type most commonly used) absorb shocks during hard-object collisions (e.g., baseballs), they might not protect the tooth bone during soft-object collisions (e.g., boxing gloves). 28 Mouthguards offer greater protection against a hard-object impact as compared to a soft-object impact. 15 In this study, no significant difference was found among 4 mmMG, 5 mmMG, and 6 mmMG with regard to the strain. This result may be explained by a study 16 that showed that a strain gauge was suitable and highly sensitive for measuring the absorbency at the impact point.
An impact is believed to be the force applied to a target, and the speed of the impact changes rapidly within a short interval of time. Generally, the force is strong and the duration of impact is short. The momentum is invariable, both before and after the impact. Therefore, when an impact force is applied to a human body, there are two different results. If the energy (momentum) is not sufficiently large to damage the body, it is consumed as heat energy by the viscosity of the joints or other soft tissues. On the other hand, if the energy is sufficiently large to cause damage, it becomes destructive, damaging soft tissues and dislocating and fracturing teeth and bones. 31 It is believed that sports traumas occur when the impact power exceeds the physical resistance of a player to a collision with another player, floor, road, or event facilities. Therefore, to reduce orofacial injuries, it is best to minimize the impact power reaching the athlete.
The results of this study showing that the impact absorption increased with the mouthguard thickness agree with those of a study that suggested the minimum required thickness to be 4 mm. 12 However, it is difficult to provide a thickness of 4 mm to the labial aspect and occlusal surface of a mouthguard as the thickness is often a compromise between the shock absorption ability and wearer comfort. Thick mouthguards are often met with player resistance due to discomfort, speech interference, and respiratory restrictions. 32 Therefore, a thickness of 4 mm might not be user friendly.
The lips and cheeks protect the teeth from direct impact forces. Therefore, a mouthguard that is so thick that the lips cannot close the mouth is dangerous. Moreover, a thick mouthguard considerably increases the tension between the lips and the cheeks. Therefore, there is a danger of increasing the chances of an injury. The interocclusal space in the mandibular rest position ranges from 2 to 3 mm in general. Therefore, 4 mm is too large and would also be unsuitable neurophysiologically.
This suggests that it is necessary to improve the impact absorption ability through improvements in the design of the mouthguard. Many studies 10, 13, 29, [33] [34] [35] [36] have investigated the improvement in the impact absorption ability resulting from the use of intermediate layers or an improvement in the mouthguard material itself. All these studies have insisted that the impact absorption ability of the mouthguard was improved by these methods.
These methods included the use of a modified 4-mm-thick EVA mouthguard incorporating air cells, which reduced the transmission of forces by 32% as compared with the traditional EVA mouthguards of the same thickness; 13 an intermediate layer of Sorbothane, which reduced the peak force significantly; 10 a half-round arch wire embedded in a double-layer EVA mouthguard, which was the most efficient; 33 a bilaminated mouthguard with a piece of sponge as an intermediate layer, which showed the highest shock absorption (49%); 34 the insertion of hard layers of EVA, which reduced energy absorption when compared with a control sheet of EVA without a hard insert; 37 and a specially designed two-layer custom-formed protector comprising a rigid outer layer of polycarbonate and an inner layer of EVA with an approximately 1-mm-wide space between the protector and the anterior teeth, which absorbed a large part of the impact energy. 35 Takeda et al 29 showed that a three-layer-type mouthguard with an acrylic resin inner layer offered a large buffer capacity and furthermore that a similar type of mouthguard but with a space preventing contact with the tooth surface had a significantly greater buffer capacity than a conventional mouthguard.
Moreover, it is necessary to improve impact absorption by developing new materials. EVA materials are the most commonly used in the manufacture of both mouth-formed and custom-made mouthguards. Being nontoxic and easy to use, it has become widely accepted as a mouthguard material. However, there appears to be scope for further improvement. Materials believed to improve energy absorption by using polyolefin and polystyrene and by foaming of EVA have been marketed in Japan (sales discontinued at present) and the USA, respectively. Although these new materials are believed to result in improvement in energy absorption a detailed study remains to be performed.
Many players use thin mouthguards, which are inadequate from the point of view of safety. Mouthguards are divided into two categories according to the method of manufacture. One type is mouthformed and the other is custom-made. Users manufacture the mouth-formed type by themselves. On the other hand, dentists or dental technicians fashion the custom-made type from plaster models obtained from the athlete. The differences between the two types, not only in terms of wearer comfort and adaptability, but also in terms of protective capacity, are apparent. The thickness of the mouthguard decreases during manufacture for the boil-and-bite type, from 70% at the labial surface to 99% at the occlusal surface. 6 This type often lacks a sufficient thickness. Therefore, sports dentists should do their best to discourage players from using the mouth-formed type. In addition, the thickness of finished custom-made mouthguards is also influenced by the fabrication method and heating and stretching on pull-down. The thickness of a vacuum-type mouthguard decreases from 25% to 50% during fabrication. 6 With this type, 3-mm or 4-mm blanks are commonly used, and the finished mouthguards are usually planed, resulting in insufficient protection. Therefore, candidates for this type should be selected with care. However, the pressure-laminated type allows the adjustment of the thickness since it possesses extra lamination. [37] [38] [39] [40] [41] These issues along with related issues should be taken into account when fabricating and recommending mouthguards. Therefore, it is necessary to consider player comfort in addition to the energy absorption ability when determining the thickness required for a mouthguard. Thicker mouthguards are often criticized for lip and cheek displacements, speech interference, and respiratory restriction. At the same time, thin mouthguards are well accepted by players, but are less efficient. The results of the present study show that 2 mm and 3 mmMG had considerable energy absorption ability, especially against the steel ball. Currently, a thickness of 2 mm or 3 mm is recommended for conventionaltype custom-made mouthguards when using EVA material. However, it is necessary to improve the impact absorption ability by improving designs and developing new materials.
Conclusion
Within the limitations of this study, the following results were obtained: 1. The tested EVA mouthguards with different thicknesses (1-6 mm) showed shock absorption ability according to the type of sensor and for both types of impact objects, with few differences between sensors and clearer results for the steel ball. 2. An improvement in the energy absorption was observed with an initial increase in the thick-ness. However, a further increase in the thickness to over 4 mm yielded a smaller improvement in the energy absorption. 3. These results suggest that from the viewpoint of the energy absorption ability, the minimum thickness required to obtain sufficient energy absorption is 4 mm, which is generally too thick from the viewpoint of player comfort. This finding indicates the necessity of improving the impact absorption ability of mouthguards by considering the design and developing new materials.
